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BACKGROUND 

L The Field of the Invention 

This invention relates to computer systems, telecommunication networks, and switches 
therefor and, more particularly, to novel systems and methods for switching and processing 
photonic information, 

2. Background Discussion 

Multiplexing is a method for transmitting multiple, distinct signals over a single physical 
carrier medium. Much of the protocol of computer hardware deals with the encoding and 
decoding of signals according to some time scheme for maintaining signal integrity and 
uniqueness from other signals. In conventional time-division types of multiplexing, signals are 
transmitted within specific time slots or burst positions. In order to prevent individual bits from 
being transmitted at the same time, each burst of bits may be encoded into a signal and 
transmitted over the carrier medium at a specific time. 

As transmission rates increase, the individual time divisions available for each small 
quantity of information in a signal are reduced. However, with the advent of photonic 
processing, the transmission, encoding, and decoding of photonic signals taken from the 
electromagnetic spectrum, deserve further consideration. In conventional computer systems, as 
well as conventional telecommunications networks, the switching, routing, and transmission of 
signals throughout networks and between processors or processes may be a maj or limiting factor 
in performance. Typically, transmissions of a signal require encoding of the signal in a carrier 
medium, according to a protocol or format. 



Thereafter, transmission occurs as a physical phenomenon in which light, or other 
electromagnetic radiation, electrical signals, mechanical transmissions, or the like are transferred 
between a source and a destination. At the destination, a decoder must then manipulate the 
physical response to the incoming signals, thus reconstructing original data encoded by the 
sender. Communications in general may include communications between individual machines. 
Machines may be network-aware, hardware of any variety, individual computers, individual 
components within computers, and the like. 

Thus, the issue of sending and receiving information or message traffic is of major 
consequence in virtually all aspects of industrial and commercial equipment and devices in the 
information age. Whether communications involve sending and receiving information between 
machines, or telecommunications of data signals, audio signals, voice, or the like over 
conventional telecommunications networks, the sending and receiving requirements of rapidly 
encoding and decoding are present. 

With the advent of photonic signals and photonic signal processing, new speed limits are 
being approached by transmission media. Moreover, origination of signals can now be executed 
literally at Ught speeds. Accordingly, what is needed is a system for multiplexing photonic 
signals over photonic carrier media in such a way as to maximize speed, while maintaining the 
integrity of information. 

To be most usefiil, communications and switching equipment must interface with data 
channels from a plethora of sources. An ability to transmit and redirect multiple channels 
simultaneously and independently, increases the capacity and usefulness of transmission, 
multiplexing and switching eqmpment. Over the years several standard methods have been 



developed for packing multiple channels onto a single transmission medium. In optical 
frequency division multiplexing (OFDM) and wavelength division multiplexing (WDM), each 
channel has a unique wavelength which typically remains constant with time. In spread spectrum 
systems, all channels may have substantially the same average wavelength with short term 
variations that are unique to each channel. Typically, sets of orthogonal functions are used to 
define channel wavelengths. In most systems and applications, it may be desirable that the 
wavelength of each channel can be described as a function of time, distinct and unique from all 
other channels. An ability to wavelength shift photonic signals from one chaimel, whose 
wavelength can be defined as a function of time, into any other channel would facilitate the 
transmission, multiplexing and switching of an extremely v^de range of photonic signals. 

One dilemma in engineering photonic systems is the conversion of signals or infromation 
between the electronic and photonic domains. Photonic systems are capable of high transmission 
rates and distances. Computers and control equipment are typically electronic due to their 
flexibility, low cost and wide availability. Typically, switching and multiplexing require the 
conversion of optical signals into electrical signals for processing and control, followed by 
reconversion into the optical domain for further transmission. An ability to direct and control 
a photonic stream of data with electronic devices and systems without requiring conversion of 
the photonic data stream to the electronic domain would leverage the best characteristics of each 
domain. 

While it may be desirable to leave data in the photonic domain when transmitting, 
multiplexing and switching photonic signals, it is often desirable to encode an electronic data 
signal onto an existing carrier without additional complexity and cost. An ability to process 



photonic or electronic data signals with the same mechanism would simplify interfacing with a 
wide range of communications, process control, and computational equipment. 

One difficulty in interfacing a wide variety of photonic equipment is the assignment of 
channel wavelengths and encoding techniques. Setup and configuration become problematic. 
An ability to automatically channelize (change the wavelength of a photonic carrier to a given 
channel) and transparently pass along a data encoded photonic stream across a network of 
photonic equipment without prior knowledge of the channel wavelengths and encoding 
techniques would reduce the cost and complexity of deploying photonic equipment. 

Another issue in photonic transmission systems is carrier wavelength variability due to 
component variability, temperature drift, system jitter and other factors. Carrier wavelength 
variability makes it difficult to densely pack charmels onto a transmission medium without 
collisions occurring, especially when multiplexing charmels from multiple sources. Typically, 
expensive, temperature-compensated, reference lasers or light sources are required to stabilize 
a photonic signal. Most state-of-the-art photonic transmission systems require conversion to the 
electronic domain followed by remodulation of a light source and retransmission in order to 
eliminate any jitter introduced during transmission. An ability to compensate for wavelength 
variability of existing photonic streams without remodulation and retransmission would increase 
the capacity and lower the cost of transmission, multiplexing and switching equipment. 

BRIEF SUMMARY AND OBJECTS OF THE INVENTION 
In view of the foregoing, it is a primary objective of the present invention to provide a 
method and apparatus for transmitting, multiplexing and switching photonic signals without 



requiring conversion to the electronic domain. It is also a primary objective of the present 
invention to provide a method and apparatus for embedding electronic data signals onto existing 
photonic carriers and signals. 

One objective of the invention is to provide a system that facilitates the transmission, 
multiplexing and switching of an extremely wide range of photonic signals. It is also an 
objective of the invention to provide a system for multiplexing photonic signals over photonic 
carrier media in such a way as to maximize speed, while maintaining the integrity of information. 
Another objective of the invention is the ability to interface with data channels from a plethora 
of sources, to transmit and redirect those data channels simultaneously and independently. In 
particular it is desired to wavelength shift photonic signals from one channel, whose wavelength 
can be defined as a function of time, into any other channel without requiring conversion to and 
reconversion from the electronic domain. It is also an objective of the invention to automatically 
channelize and transparently pass along a data encoded photonic stream across a network of 
photonic equipment without prior knowledge of the channel wavelengths or encoding methods 
and to compensate for wavelength variability of existing photonic streams without 
retransmission. 

The present invention uses various embodiments to wavelength shift photonic signals. 
Wavelength shifting is also applied as a mechansim to multiplex, switching and transmit 
photonic signals. In certain embodiments in accordance with the invention, an apparatus for 
wavelength shifting uses modulation techniques to change photonic carrier wavelengths. 
Modulation techniques may be selected to be appropriate to a modulation device of choice. A 



particular modulation device may be driven by a modulation synthesizer producing a controlling 
waveform optimized for the device. 

Consistent with the foregoing objectives, and in accordance with the invention as 
embodied and broadly described herein, an apparatus and method are disclosed, in suitable detail 
to enable one of ordinary skill in the art to make and use the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing and other objectives and features of the present invention will become 
more fully apparent from the following description and appended claims, taken in conjunction 
with the accompanying drawings. Understanding that these drawings depict only typical 
embodiments of the invention and are, therefore, not to be considered limiting of its scope, the 
invention will be described with additional specificity and detail through use of the 
accompanying drawings in which: 

Figure 1 is a schematic block diagram of a wavelength shifting apparatus in accordance 

with the invention; 

Figure 2 is a schematic diagram of a quadrature Mach-Zehnder modulation device used 
in accordance with the invention; 

Figure 3 is a graph of the Mach-Zehnder device transfer function in accordance with the 

device of Figure 2; 

Figure 4 is a schematic block diagram of a modulation synthesizer used in accordance 
with the invention; 



Figure 5 is a schematic block diagram of an embodiment of a modulation synthesizer 
configured to perform ON/OFF keying in accordance with the invention; 

Figure 6 is a schematic diagram of a phase modulation device used in accordance with 
the invention; 

Figure 7 is a schematic block diagram of an embodiment of a modulation synthesizer 
configured to perform frequency shift keying in accordance with the invention; 

Figure 8 is a schematic block diagram of a wavelength error detector in accordance with 
the invention; 

Figure 9 is a schematic block diagram of a tunable wavelength error detector in 
accordance with the invention; 

Figure 10 is a schematic block diagram of a tunable wavelength error detector in 
accordance with the invention; and 

Figure 1 1 is a schematic block diagram of a channel allocation mechanism in accordance 
with the invention; 

Figure 12 is a schematic block diagram of a tunable wavelength stabilized transmitter in 
accordance with the invention; 

Figure 13 is a schematic block diagram of a recursive wavelength shifter in accordance 
with the invention; and 

Figure 14 is a set of frequency domain graphs of several signals associated with one 
embodiment of the recursive wavelength shifter depicted in Figure 13. 



DF.TATLED DESCRIPTION OF THE PREFERRKD EMBODIMENTS 
It will be readily understood that the components of the present invention, as generally 
described and illustrated in the Figures herein, may be arranged and designed in a wide variety 
of different configurations. Thus, the following more detailed description of the embodiments 
5 of the system and method of the present invention, as represented in Figures 1 through 14, is not 

intended to limit the scope of the invention. The scope of the invention is as broad as claimed 
herein. The illustrations are merely representative of certain, presently preferred embodiments 
of the invention. Those presently preferred embodiments of the invention will be best 
understood by reference to the drawings, wherein like parts are designated by like numerals 
^3 10 throughout. 

i f; Those of ordinary skill in the art will, of course, appreciate that various modifications to 

)j the details of the Figures may easily be made without departing from the essential characteristics 

: ' of the invention. Thus, the following description of the Figures is intended only by way of 

L J example, and simply ilhistrates certain example embodiments consistent with the invention as 

^i;15 claimed. 

The design, implementation and deployment of photonic systems involves the 
convergence of anumber of disciplines each with their own working vocabularies. Additionally, 
the novelty of the present invention presents some new terms and concepts. The following 
definitions therefore are provided for the readers convenience: 
20 Channel: A virtual medium for signal propagation. Channels allow a single medium to 

carry multiple signals simultaneously. 

Channel Spacing: The distance between channels usually expressed in cycles per second. 
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Wavelength Shifting: The act of changing the wavelength of a photonic signal, 
particularly the carrier. 

Wavelength Variability: A measure of wavelength deviation from an ideal or desired 
wavelength over a given period of time. 

Wavelength Stabilization: The act of reducing wavelength variability. 

Wavelength Pattern: The pattern (over time) followed by the wavelength of a photonic 
signal, particiilarly the carrier. May be a constant. The present invention associates wavelength 
patterns with channels. 

Channelization: The act of shifting the wavelength of a photonic signal to match the 
wavelength pattern of a given channel. 

Wavelength Signature: An information set that captures the essential elements of the 
wavelength of a photonic signal such as the pattern, signal jitter, variance etc. 

Orthogonal Signals: Signals that do not correlate over a given period of time. Selecting 
wavelength patterns that are orthogonal helps minimize interference between channels. 

Wavelength Division Multiplexing: Combining multiple signals onto a medium where 
each signal has a different wavelength. 

Spread Spectrum Channels: Channels with wavelength patterns that are very dynamic. 
Usually based on orthogonal ftmctions. 

Spreading Function: Essentially a wavelength pattern used to change fixed wavelength 
channels to spread spectrum channels. 

Gathering Function: Essentially a wavelength pattern used to change spread spectrum 
channels to fixed wavelength channels. 



Modulation: The act of varying a frequency, anaplitudCj phase or similiar characteristic 
of a signal. 

Modulation Waveform: A waveform used to modulate a signal and thereby vary the 
frequency^ amplitude, phase or similar characteristic of a signal The present invention uses a 
modulation waveform to drive (i.e. control) a modulation device. 

Modulation Synthesizer: A method or apparatus that generates a modulation waveform 
in response to various control parameters or signals. 

Pre-modulation: Modulation of the modulation waveform. The modulation synthesizer 
of the present invention uses pre-modulation to encode data simultaneous with wavelength 
shifting. 

In optical and photonic systems it is usually more convenient to refer to carriers in terms 
of wavelength rather than frequency. Despite this preference, channel spacing is usually 
expressed in frequency units rather than units of length. Throughout this description it is implied 
that the amount of shifting is expressed in terms of frequency (Hz) while the result (a change in 
carrier wavelength) is referred to as wavelength shifting. 

Referring to Figure 1 specifically, while generally referring to all the Figures, a 
wavelength shifter 1 0 with stabilization and data encoding may include a modulation synthesizer 
12, a wavelength error detector 14, and a modulation device 16. The modulation device 16 may 
receive a photonic signal 18 and provide a channelized photonic signal 20 wherein the 
wavelength follows a signature or pattern associated with a channel. 

The modulation device 16 may receive a photonic signal 18 that may be composite or 
non-composite. Composite signals may contain a plurality of wavelengths, each wavelength 

-10- 



definable as a function of time, while non-composite signals have a single wavelength also 
definable as a function of time. Regardless of the complexity of the photonic signal 18, the 
modulation device 16 receives the photonic signal 18 and may provide a channelized photonic 
signal 20 wherein each wavelength follows a pattern corresponding to a particular channel. 

In most embodiments, the modulation device 1 6 may be a full-duplex device capable of 
simultaneously modulating signals from both directions. With a full-duplex modulation device 
1 6, the wavelength shifter 1 0 may be also full-duplex. In full-duplex operation the modulation 
device 16 receives the photonic signal 18 and provides the channelized photonic signals 20 in 
each direction. For simplicity, this description is restricted to half-duplex operation unless 
otherwise noted. 

Under proper control, the wavelength shifter 10 may direct a non-composite photonic 
input into any one of an arbitrary number of output channels. Composite signals may be 
similarly directed. For example, a composite signal comprised of multiple wavelengths that are 
equally spaced by a fixed frequency interval, may be shifted up or down as a group by an 
arbitrary frequency to occupy a new set of wavelengths. The wavelength shifter 10 may be 
designed to stabilize and channelize the photonic signal 1 8. Typically, the channelized photonic 
signal 20 will have the same complexity as the photonic signal 1 8 and will be a composite signal 
if the photonic signal 1 8 is a composite signal. The channelized photonic signal 20 differs from 
the photonic signal 1 8 in that the wavelengths of the photonic signal 1 8 may be shifted to match 
a wavelength pattern associated with a channel. In some embodiments, the photonic signal 1 8 
may also have a wavelength pattern but it is generally assumed that the wavelength patterns are 
externally originated and may be unknown to the system of interest. 
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The modulation synthesizer 12 may receive an optional data signal 22 and a shift signal 
24. The modulation synthesizer may provide a modulation waveform 26 designed to channelize 
the photonic signal 18 via the modulation device 16. The optional data signal 22 may be used 
to pre-modulate the modulation waveform 26 and effectively encode data in the channelized 
photonic signal 20. Pre-modulation allows data encoding techniques such as Frequency Shift 
Keying, ON/OFF keying, and code division keying to be performed by the wavelength shifting 
modulation device. 

Time-domain orthogonal codes may be directly used by the modulation synthesizer 12 
when pre-modulating the modulation waveform. Frequency-domain orthogonal codes such as 
frequency shift keying Walsh codes may be converted to a time-domain waveform and used to 
pre-modulate the modulation waveform. Joint time-frequency codes may also be used. For 
example, one bits may be encoded by a positive frequency shift in an alternating ON-OFF pattem 
while zero bits may be encoded by a negative frequency shift in an altemating OFF-ON pattem. 

The ability to simultaneously encode data, channelize and stabilize a photonic signal via 
a single modulation device has not been foimd in the art and appears to be unique to the 
wavelength shifter 10. In some embodiments, the optional data signal 22 is not used and the 
modulation synthesizer 12 may simply be a voltage-controlled quadrature oscillator. 

The wavelength error detector 14 may monitor the channelized photonic signal 20 and 
provide a wavelength error signal 21 usefiil for correcting errors in wavelength. The wavelength 
error detector 14 may monitor a single channel or a representative channel of a group of active 
channels. While certain embodiments cannot independently shift and correct wavelength errors 
in separate channels (using a single wavelength shifter 10), wavelength errors maybe minimized 
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across multiple active channels (using a single wavelength shifter 1 0) by generating a wavelength 
error signal that is the weighted average of the wavelength error of each channel. Typically, if 
a group of channels is derived from the same laser or light source, selecting a representative 
channel may be just as effective and much less costly than generating an averaged wavelength 
error signal. 

The wavelength shifter 10 allows stabilization of a single channel or group of channels 
without requiring direct control of a laser or light source. Separating stabilization from the actual 
laser device allows for greater flexibility in designing and deploying photonic systems. 

Separating the wavelength error detector 1 4 from the synthesis and modulation ftonctions 
of the wavelength shifter 10 also allows for system design flexibility. Depending on the 
apphcation, the wavelength error detector 14 may operate about a wavelength that is fixed or 
tunable. The wavelength error detector 14 may be dedicated to a single wavelength shifter or 
shared among multiple wavelength shifters 10. The wavelength error detector 14 may also be 
dynamic and support wavelength signatures or patterns. Regardless of the application, the 
wavelength error signal 21 provides feedback to the modulation synthesizer 12 which may effect 
shifting, stabilization and channelization of the photonic signal 18. 

Certain embodiments in accordance wiUi the present invention use a modulation device 
to shift and stabilize the wavelength of a carrier. Data encoding may also be performed with the 
wavelength shifter 10 via an optional data signal 22. A shift signal 24 controls the extent by 
which a wavelength may be shifted by the wavelength shifter 10 (neglectmg any wavelength 
error correction). The shift signal 24 may have a constant value or the shift signal 24 may be a 
dynamic signal with a spreading or gathering fiinction. 
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Separating the shift signal 24 from the wavelength error signal 21 allows for greater 
control and flexibility of the wavelength shifter 10. Wavelength shifting of the photonic signal 
1 8 may advantageously occur through either mechanism. For example, the shift signal 24 may 
correspond to a wavelength pattern, while the wavelength error signal 2 1 may provide fine tuning 
of the average wavelength of the channelized photonic signal 20. hi the embodiments depicted 
in Figures 1 - 1 1 , the shift signal 24 and the wavelength error signal 2 1 are equal and independent 
in their ability to effect a wavelength shift on the photonic signal 18 and thereby provide the 
channelized photonic signal 20. 

The wavelength shifter 10 may be used to interface between systems with dissimilar 
channel wavelength patterns. For example, one system may use spread spectrum channels while 
another may use channels with fixed wavelengths. By providing a spreading fimction or 
conversely an unspreading fiinction to the shift signal 24, the wavelength shifter 1 0 may be used 
to convert fixed wavelength channels to spread spectrum channels and vice versa. Conversion 
between two spread spectrum channels may occur by providing the difference of two spreading 
fimctions to the shift signal 24. 

hi certain embodiments, the shift signal 24 controls the amount of shift in units of 
frequency (Hz). In some embodiments, the shift signal 24 provides a shift range, allowing 
wavelength error correction to occur within that range. Specifying a shift range on the shift 
signal 24, allows the wavelength shifter 10 to lock onto a particular channel when wavelength 
shifting a composite photonic signal. Wavelength shifting a composite photonic signal without 
a shift range may result in channel wandering should a composite signal experience fading or 
some other kind of degradation. 
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The shift signal 24 may be data keyed instead of using the optional data signal 22. Data 
keying with the shift signal 24 effectively creates spread spectrum or frequency domain data 
keying. Frequency shift keying is perhaps the simplest form of frequency domain data keying 
wherein the shift signal 24 alternates between two shift values to encode the data. The shift 
signal 24 may be data keyed with binary codes such as Walsh codes. Continuous codes may also 
be used. 

One operation, that may be used for processing signals and creating filters, is a delay and 
sum operation. By controlling the relative phase of summed signals various degrees of 
constructive and destructive interference may be accomplished at a particular wavelength or 
fi'equency. By splitting photonic waves into multiple paths of various delays and recombining 
the split waves onto a single path, filters of various types can be created. 

One element used in accordance v^th the invention is a phase modulator. Phase 
modulators often vary the index of refraction of a particular section of a waveguide and may be 
controlled with an applied voltage. Changing the index of refraction effectively changes the 
propagation time or delay through a medium. The ability to dynamically control the delay of a 
path via an applied voltage adds additional power for processing photonic signals. 

For example, a Mach-Zehnder modulator may split a photonic signal onto two 
complementary pathways of identical length each with a phase modulator. With no applied 
voltage, the split photonic signals arrive in phase and effectively sum to the original photonic 
signal. Synmietrically increasing the delay of one path and decreasing the delay of the other path 
(via the applied voltages) allows the amplitude of the combined photonic signal to be modulated. 
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At a certain point the combined signals will be 180 degrees out of phase resulting in a zero 
amplitude signal known as a dark point. 

Normally, amplitude modulation produces dual side bands resulting in wasted bandwidth. 
Quadrature modulation involves using two modulators that operate 90 degrees out of phase. 
Each modulator produces dual sidebands. Two of the sidebands cancel while two of the 
sidebands sum to create a single sideband. 

Various modulation devices may be suitable for the modulation device 16. Suitable 
devices may include a quadrature Mach-Zehnder modulation device 16a, a phase modulation 
device 16b and a single Mach-Zehnder modulation device in concert with a phase modulator. 
Other possibilities include a single Mach-Zehnder modulation device followed by a filter, or a 
photonically driven device such as a stimulated Brillouin scatterer, a stimulated Raman scatterer, 
or a four-wave mixer. In certain embodiments, component cost can by reduced by selecting the 
modulation device 16 optimized for shifting within a specific frequency range. 

Referring to Figure 2, the modulation device used in certain embodiments may be 
the quadrature Mach-Zehnder modulation device 16a. A quadrature device facilitates 
wavelength shifting by quadrature or single sideband modulation. The quadrature Mach-Zehnder 
modulation device 1 6a may have an upper branch 28 and a lower branch 30. The upper branch 
28 and the lower branch 30 may be complementary Mach-Zehnder modulators that perform in 
a quadrature mode when driven by a modulation waveform 26. 

With a quadrature modulation device, the modulation waveform 26 may have a 
quadrature waveform component 26a and a quadrature waveform component 26b. Waste light 
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3 1 may be emitted at a branch junction 32. In some embodiments it may be desirable to use the 
waste light from the branch jimction 32 to perform phase stabilization or other useful functions. 

Referring to Figure 3, a transfer function 34 typical of the upper branch 28 and the lower 
branch 30 may be a function of the voltage of the modulation waveform 26. The transfer 
function 34 may correspond to a cosine wave. In certain embodiments, the modulation 
synthesizer 12 may provide a waveform optimized to for a particular modulation device 16. 
Proper biasing of the upper branch 28 and the lower branch 30 modulation waveform voltages 
allow each branch to operate at a dark point 36. Operating at the dark point 36 may be 
advantageous to reduce transmitted power and signal distortion. 

In certain embodiments, applying a ramp function beginning at the dark point 36 
produces a sine wave of negative polarity. Therefore, small fluctuations in quadrature waveform 
components 26a and 26b about the dark point 36, produce modulations that are substantially 
bipolar and linear. Small fluctuations in the quadrature waveform components 26a and 26b that 
are not biased to the dark point 36 may produce modulations that may be unipolar. Transmitted 
power may also be substantially increased. Larger amplitude fluctuations in the modulation 
waveform 26 may generate noise harmonics in the channelized photonic signal 20 due to the 
non-linearities in the upper branch 28 and the lower branch 30. 

Noise harmonics in the channelized photonic signal 20 may be substantially eliminated 
by dividing the modulation waveform components 26a and 26b by the transfer function 34 of the 
upper branch 28 and the lower branch 30. Driving the depicted Mach-Zehnder quadrature 
modulation device 16a with waveform components 26a and 26b, that are triangular or sawtooth 
in shape (having maximum and minimum amplitudes corresponding to peaks and valleys in the 
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transfer function 34), substantially eliminates the introduction of noise harmonics in the 
channelized photonic signal 20. 

The modulation synthesizer 1 2 may be embodied in a variety of forms including discrete 
circuitry, digital logic, software modules within a processor (with a digital-analog converter to 
drive the modulation device), and custom chips. Regardless of the implementation scheme 
selected, the modulation synthesizer 12 may be designed to drive the modulation device 16 as 
controlled by the error signal 21 and the shift signal 24. Implementation details may be quite 
specific to the modulation device used and other factors such as bandwidth, cost, and response 
time. 

In particular, the method of data keying and the characteristics of the modulation device 
1 6 may significantly affect the overall structure of the modulation synthesizer 12. With certain 
embodiments it may be beneficial to embed data keying within the shift signal 24 (external to 
the modulation synthesizer 12). Figures 4, 5 and 7 show three examples of a modulation 
synthesizer 12 that share certain common design elements with unique changes relevant to the 
respective method of data keying and the characteristics of the modulation device 16 used by 
each example. 

Referring to Figure 4 specifically, while referring generally to all the Figures, the 
modulation synthesizer 12 may include an integration unit 38. The integration unit integrates 
and may optionally filter the error signal 21 to provide an integrated error signal 40. For 
example, low-pass filtering of the error signal 21 may be used to dampen the response of the 
wavelength shifter 1 0 and prevent overshooting a design point. A summing unit 42 may sum the 
shift signal 24 with the integrated error signal 40 and provide a total shift signal 44. In some 
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embodiments, the shift signal 24 may provide a lower shift 24a and an upper shift 24b to restrict 
the range of wavelength shifting. The summing unit 42 may be configured to confine the total 
shift signal 44 to the range specified by the lower shift 24a and the upper shift 24b. 

Continuing to refer to Figure 4 specifically, while referring generally to all the Figures, 
the waveform generator 46 receives a total shift signal 44 and generates the modulation 
waveform 26 relevant to the modulation device 16. Quadrature versions of the modulation 
device 16 may require a quadrature waveform with waveform components that are substantially 
90 degrees out of phase. 

Referring to Figure 5, a quadrature version of the modulation synthesizer 12 may 
configure the waveform generator 46 to generate quadrature waveform components 26a and 26b 
that are shaped in a desired fashion, such as triangle waves. Figure 5 also shows that ON/OFF 
data keying may be added to the modulation synthesizer 12 by operably connecting the data 
signal 22 to an ON/OFF input 47 of the waveform generator 46. Data keying may be 
accomplished by selectively setting the quadrature waveform components 26a and 26b to a value 
corresponding to the dark point 36 of the upper branch 28 and the lower branch 30. For 
example, the upper branch 28 and the lower branch 30 may be operably set at the dark point 36 
when the ON/OFF input 47 is in the OFF position. 

Referring to Figure 6, the phase modulation device 16b may differ from the quadrature 
Mach-Zehnder device 1 6a. For example, quadrature or single sideband modulation may not be 
supported. Wavelength shifting may occur by applying an alternative waveshape, such as a ramp 
fiinction, to the input. In the illustrated embodiment, the extent of wavelength shifting provided 
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by the phase modulation device 16b may be substantially proportional to the slope of the ramp 
function. 

Sustaining a ramp function may be problematic with a finite modulation waveform 26 
and the phase modulation device 1 6b. Several techniques may be used to ensure that finite limits 
are maintained on the modulation waveform 26, For example, frequency shift keying may 
encode ones with a positive frequency shift and zeros with a negative frequency shift. Circuit 
modifications may be added to substantially eliminate the DC terms of the data signal. Data 
encoding techniques may be applied to limit the one's density of the data stream to an acceptable 
range. Each of these techniques may limit the range of wavelength shifting attainable by the 
wavelength shifter 10. 

Another solution involves driving the phase modulation device 16b with a sawtooth 
waveform 26c. The sawtooth waveform 26c may produce an opposite polarity wavelength spike 
27 corresponding to vertical edges of the sawtooth waveform 26c. The duration of the opposite 
polarity wavelength spike 27 may be short enough to be irrelevant. The opposite polarity 
wavelength spike 27 may also cause a wavelength shift large enough to momentarily move the 
wavelength of the channelized photonic signal 20 outside the transmission range of the system 
of interest. The opposite polarity wavelength spike 27 may also be advantageously used to 
provide a clock signal and/or synchronize multiple data streams. 

Referring to Figure 7, the modulation synthesizer 12 may be configured to support 
fi-equency shift keying. As compared to the embodiments of Figures 4 and 5, a multiplexer has 
been added and the shift signal expanded to a low shift 24a and a high shift 24b. In the depicted 
embodiment, the low shift 24a and the high shift 24b are negative and positive shifts as depicted 
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(not necessarily of the same magnitude). The data signal 22 may multiplex between a low shift 
24a and a high shift 24b to provide a data-keyed shift signal 48. A sawtooth waveform generator 
46a may be a simple embodiment of a waveform generator 46 designed specifically to operate 
with the phase modulation device 16b. The modulation waveform 26 provided by the sawtooth 
waveform generator 46a may be restricted to a sawtooth wave. The sawtooth waveform 
generator 46 may integrate the total shift signal 44 xmtil reset by a clock signal 49. 

As mentioned previously, data keying may significantly affect the structure of the 
modulation synthesizer 16 specifically and the wavelength shifter 10 generally. In certain 
embodiments data keying may involve placing a separate phase modulation device 16b in series 
with the modulation device 16. Other embodiments may involve modifying the modulation 
device 1 6 to receive a data keying signal separate fi*om the (wavelength shifting and stabilizing) 
modulation waveform 26. In many embodiments, however, information to control data keying, 
wavelength shifting, and wavelength stabilization may be embedded in the modulation waveform 
26. 

Referring to Figure 8 specifically, while referring generally to all the Figures, the 
wavelength error detector 14 may include a filter apparatus 50. In one embodiment the filter 50 
may include a pair of matched filters 51a and 51b that are slightly offset in wavelength. The 
wavelength error detector 14 controls the stabilization performed by the wavelength shifter 10 
and in certain embodiments may dramatically influence the effectiveness of the wavelength 
shifter 10. 

A differential detector 52 may detect differences of intensity in the output of filter devices 
51a and 51b. Figure 8 depicts a pair of filter devices 51a and 51b, which may be fixed. Fixed 
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filter devices may be sufficient in some applications and may be Bragg filters. In some 
embodiments, tunable Bragg filters with slightly offset tuning inputs may increase the variety of 
wavelength patterns supportable with the wavelength error detector 14. 

Referring to Figure 9, a tunable version of the wavelength error detector 14 may be 
comprised of a complementary pair of modulation devices 1 6a and 1 6b configured to wavelength 
shift the channelized photonic signal 20 as directed by the modulation synthesizer 12. In one 
embodiment, the shift signal 24 carries a wavelength partem corresponding to a wavelength 
pattern present on the channelized photonic signal 20. 

A complementary pair of modulation devices 1 6a and 1 6b may be driven to wavelength 
shift by a common value corresponding to a wavelength pattern carried by the shift signal 24. 
Additionally, a slight wavelength offset may be produced between a shifted photonic signal 54a 
and a shifted photonic signal 54b. Wavelength shifting the channelized photonic signal 20 by 
slightly different amounts allows the use of a single filter device 51 in the filter apparatus 50 
instead of the pair of matching filters devices 51a and 51b slightly offset in wavelength. Filter 
51 may be a standard Bragg filter. 

Referring to Figure 10, another tunable version of the wavelength error detector 14 may 
include a filter apparatus 50 having a complementary pair of circulators 55a and 55b, and a 
bidirectional filter 51c. The bidirectional filter 51c may be a standard Bragg filter. The 
complementary pair of circulators 55a, 55b may direct the shifted photonic signal 54a and the 
shifted photonic signal 54b to opposite ends of the bidirectional filter device 51c. The 
complementary pair of circulators 55a and 55b may also direct the reflected portion of the shifted 
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photonic signal 54a and the reflected portion of the shifted photonic signal 54b to the differential 
detector 52. 

The tunable versions of the wavelength error detector 14 depicted in Figures 9 and 10 
may be designed to create a time-varying v^avelength reference using a standard fixed filter 
5 device such as a Bragg filter. For example, the channelized photonic signal 20 received by the 

wavelength error detector 14 may have a wavelength pattern characterized by a spreading 
function. The complementary pair of modulation devices 16a, 16b may be driven by a 
modulation waveform characterized by a gathering function corresponding to the spreading 
fimction of the channelized photonic signal 20. By using a gathering function that essentially 
^;i0 "unspreads" the spreading function, the shifted photonic signals 54a, 54b may be substantially 

fixed in wavelength. Having substantially fixed wavelengths for the shifted photonic signals 
1 1 54a, 54b may facilitate using a standard fixed filter device such as a Bragg filter in the 

wavelength error detector 10. 
I J Some wavelength variability between filter devices may be expected. Additionally, filter 

J;;i5 device vravelengths are often temperature sensitive. In certain embodiments, temperature- and 

' ^ device-dependent variations between standard filter devices 51 may be compensated. One 

method of compensation is further adjusting the value of the shift signal 24 of the modulation 
synthesizer 12 to account for temperature- and device-dependent variations . Thus a modulation 
synthesizer 12 becomes a temperature-dependent-device-compensation mechanism. A 
20 temperature-dependent- device-compensation shift may be stored and accessed extemally or 

internally to the modulation synthesizer 12. 
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In some embodiments, a tunable version of the wavelength error detector may be shared 
among multiple wavelength shifters 10. For example, the channelized photonic signals 20 from 
multiple wavelength shifters 10 may be combined onto a single fiber. On that fiber, a single 
wavelength error detector 14 may be configured to time-division multiplex between the various 
channels and provide a time-division-multiplexed wavelength error signal. Additionally, the 
modulation synthesizer 12 may be configured to sample and hold the wavelength error signal 21 
at an appropriate time. 

The wavelength shifter 10 provides a convenient building block for creating photonic 
systems including transmission, switching and multiplexing equipment. Photonic data streams 
and/or photonic carriers arriving in a photonic signal 18 may be shifted, stabilized and 
chaimelized to become the channelized photonic signal 20. This may be done without 
conversion to the electronic domain. Photonic data rates and throughput may be maintained, 
while complex control features may be handled in the electronic domain. 

Another feature of the wavelength shifter 10 is the ability to transparently pass the 
photonic signal 18 without knowledge of the encoding techniques or format used to create the 
photonic signal 18. The transparent nature of the wavelength shifter 10 and the ability to 
chaimelize photonic signals facilitates the transmission, multiplexing and switching of an 
extremely wide range of photonic signals. 

The wavelength shifter 10 may also compensate for wavelength variability of existing 
photonic streams without retransmission. Data may be pre-encoded into the photonic signal 1 8, 
or data may be encoded onto the channelized photonic signal 20. Encoding may occur via the 
shift signal 24 or the optional data signal 22. 
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Referring to Figure 1 1, a chamel allocation mechanism may automatically channelize 
and transparently transmit data-encoded photonic streams across a network of photonic 
equipment without prior knowledge of the carrier wavelengths and data encoding techniques. 
A channel shifter 58 may have a wavelength detector 60 to receive the photonic signal 1 8, or the 
channelized photonic signal 20, and provide a wavelength signature 62. 

In certain embodiments, the wavelength signature 62 captures the essential wavelength 
characteristics of each carrier in a composite or non-composite photonic signal. The channel 
shifter 58 may also include a wavelength shifter 1 0 configured to receive the photonic signal 1 8, 
or the channelized photonic signal 20, as an input and provide the channelized photonic signal 
20 as an output. A channel allocator 64 may be configured to receive the wavelength signature 
62 and provide a shift signal 24 that directs the photonic signal 18 or the chaimelized photonic 
signal 20 into an available channel. 

hi some embodiments, the channel allocator 64 may be shared by all the chaimel shifters 
5 8 common to a system. Sharing the channel allocator 64 simplifies resource allocation, relieves 
contention and resolves update and data synchronization issues. Multiple channel allocators 64 
may also coordinate and update through a variety of methods. 

One distributed solution involves assigning a local pool of identified chaimels to each 
channel allocator. When a channel allocator exhausts the local pool of channels, a message may 
be sent to other channel allocators requesting borrowing of a channel from their pool. The 
request may be accomodated, brokered, negotiated, denied or the like. Regardless of the method 
relied upon, the channel allocator 64 provides a shift signal to the channel shifter 58. The shift 
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signal shifts the photonic signal 18 or the channelized photonic signal 20 into an available 
channel. 

Referring to Figure 12, a tunable photonic transmitter 70 may include a coherent light 
source 72 and a wavelength shifter 10. The photonic signal 18 provided by the coherent light 
source 72 may have a limited coherence length. The photonic signal 18 may have wavelength 
jitter sufficient to be unacceptable for a particular application. Additionally, the wavelength of 
the photonic signal 18 may be offset from the desired wavelength. 

The tunable photonic transmitter 70 may shift and stabilize the photonic signal 1 8 via the 
wavelength shifter 10 and provide the channelized photonic signal 20. The tunable photonic 
transmitter 70 may also encode the data signal 22 into the channelized photonic signal 20. The 
channelized photonic signal 20 may be a spread spectrum channel. 

An ability to encode, shift and stabilize the photonic signal 18 independent of the 
coherent light source 72 may provide additional benefits over standard photonic transmitting 
circuits. The coherent light source 72 need not be tunable, stable or precise. The coherent light 
source 72 may be physically and electronically separated from the rest of the photonic transmitter 
70. A single optical fiber may connect the coherent light source 72 with the wavelength shifter 
10. Performance specifications of the channelized photonic signal 20 may be determined 
primarily by the electronic circuitry of wavelength shifter 10 rather than the photonics of the 
coherent light source 72. 

Referring to Figure 13, a recursive wavelength shifter 74 may include a shifting loop 76 
and an output filter 78. The shifting loop 76 may receive the photonic signal 18, having one or 
more wavelengths, and provide a photonic signal 18 with a spectral pattern 80. The spectral 
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pattern 80 may have increasing or diminishing spectral tilt. The spacing and number of 
wavelengths of the spectral pattern 80 may be varied by the shift signal 24. 

The shifting loop 76 may include an amplifier 82, a loop filter 84, and the wavelength 
shifter 10. The gain of the amplifier 82 may compensate for losses in the shifting loop 76 and 
contribute to the amount of spectral tilt in the spectral pattern 80. The loop filter 84 may shape 
the spectral pattern 80 with an arbitrary spectral envelope. 

Referring to Figure 1 4 while also referring to Figure 1 3 , some embodiments the shifting 
loop 76 effectively generate a spectral comb 86. The spacing of the "teeth" of the spectral comb 
86 may be controlled by the shift signal 24. hi other embodiments the spectral pattern 80 may 
be repeatmg and continuous instead of having discrete "teeth." The shape of the repeating 
portion of the spectral pattern 80 may be provided by the photonic signal 1 8. 

The output filter 78 may receive a photonic signal with the spectral pattern 80 and 
provide a spectrally shaped photonic signal 87. As shown in Figure 14, the output filter 78 may 
select one tooth or region fi-om the spectral pattern 80 and substantially suppress other teeth or 
regions of the spectt-al pattern 80. The recursive wavelength shifter 74 may include multiple 
output filters 78. Each output filter 78 may select a different tooth or region and provide a 
unique spectrally shaped photonic signal 87. 

From the above discussion, it will be appreciated that the present invention may be 
embodied in other specific forms without departing fi-om its spirit or essential characteristics. 
The described embodiments are to be considered in all respects only as illusttrative, and not 
restrictive. The scope of the invention is, therefore, indicated by the appended claims, rather 
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than by the foregoing description. All changes which come within the meaning and range of 
equivalency of the claims are to be embraced within their scope. 

What is claimed and desired to be secured by United States Letters Patent is: 

5 
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